Abstract We present simulation results on evolution development of orbital motion of short-period comets with the revolution period not exceeding 6-7 years, namely comets 21P/Giacobini-Zinner, 26P/GriggSkjellerup and 7P/Pons-Winnecke. The calculations cover the range from the date of the object's discovery to 2100. Variations in the objects' orbital elements under the action of gravity disturbances, taking Earth's gravitational potential into account when the small body approaches, are analyzed. Corrected dates of perihelion passages can be used for scheduling observations.
INTRODUCTION
A system of computational methods (Kulikova & Tischenko 2012) has been developed to study the formation and subsequent evolutional development of meteor complexes that appear in the process of disintegration of small bodies (comets, in particular). The method, based on application of statistical techniques (in particular, the Monte Carlo method), incorporates several modules which implement different algorithms that simulate the eruption of substances from a parent body as well as those that characterize further orbital changes under the action of numerous factors. A module accounting for gravity disturbances is one example. Gravity disturbances are essential for studying motions of celestial bodies in the inner and outer solar system. This factor incorporates the following three components: gravity disturbance in an N-body problem (Everhart 1974 ); disturbance of a major planet's gravitational potential with the approach of small bodies (Aksenov 1977; Chepurova 1972; Chepurova 1980) ; disturbance of Earth's gravitational potential with the approach of a small body (Noskov 1970; Kulikova et al. 2010; Kulikova et al. 2011) .
Until now, calculation algorithms and graphical presentation of results only permitted taking into account the two first components.
The computer implementation of the last two components includes four problems: transition from elements of a heliocentric orbit of a small body to its planetocentric coordinates; calculation of the intermediate-orbit elements with respect to the approaching planet using planetocentric coordinates; calculation of planetocentric rectangular and cylindrical coordinates at any time using the intermediateorbit elements obtained in the preceding problem; inverse transformation from a planetocentric orbit to a heliocentric one.
Currently, the system of computational methods we have developed takes many disturbing factors into account (for example, the Poynting-Robertson and JarkowskiRadzievsky effects, etc.); however, perturbations from the Moon when the small body is approaching the Earth or from planetary satellites when the small body is entering the gravitational spheres of a giant planet have not yet been incorporated.
The paper is structured as follows. Section 2 describes the aims of our study and introduces the three comets considered as individual objects. Section 3 discusses and analyzes the results we obtained. Section 4 deals with a study of perihelion distances of comets in our research program during their life cycles; it also considers positions of the corresponding meteoroid complexes in space with respect to Earth's orbit. We draw our conclusions in Section 5.
GOALS, PROBLEMS AND OBJECTS
In this study, we apply a mathematical algorithm that accounts for disturbance of Earth's gravitational potential, which can generate a better approximation. Our calculations have been performed using analytical formulas of the intermediate hyperbolic orbit based on the asymmetric ver-sion of a generalized problem with two fixed centers that include disturbances of the second and the third harmonics in a series describing the gravitational potential of the central body .
Insofar as the simulated meteoroid complex initially has boundaries dictated by the maximum and minimum deviations in orbital elements of ejected fragments from the parent body's orbit, in the process of its motion, the comet remains within these boundaries. Therefore, three short-period comets with periods of revolution up to seven years are considered as an illustration of this component's impact on the orbital evolution of meteor formations. In view of this, the simulation results on evolutionary development of the comet's motion have been analyzed. The calculated time range is from the date of the first object's observation till 2100. Comets 21P/Giacobini-Zinner, 7P/Pons-Winnecke and 26P/Grigg-Skjellerup have been chosen as objects of investigation. The choice of these objects is primarily based on a large body of evidence that permits the simulation results and observed parameters to be compared. Some results are presented here.
DISCUSSION AND ANALYSIS OF RESULTS
Figures 1 and 2 show diagrams which illustrate variations in the primary orbital elements of the program objects within a selected time range and make it possible to draw various conclusions on the motion of objects. The following symbols are used: for comet 26P/GriggSkjellerup with (blue diamonds) and without (magenta squares) considering effects of Earth's gravitational potential, comet 7P/Pons-Winnecke with (black triangles) and without (blue crosses) it, and comet 21P/Giacobini-Zinner with (violet asterisks) and without (brown filled circles) it. The minimum and maximum values of these elements are given in Table 1 . The elements denoted with an apostrophe are obtained taking account of disturbances from the Earth's gravitational potential. Now we analyze the results obtained for each comet.
Comet 21P/Giacobini-Zinner. This comet was discovered in 1900 and, within the calculation range till 2100, had 31 revolutions. Figure 1 shows the variations in orbital elements (characterizing the form of the orbit) obtained by taking account of disturbances of Earth's gravitational potential and without it for the case of a small body approaching. It can be seen that values of the semimajor axis in 1900-2100 vary episodically and form three pronounced wave-like structures which consist of 2 revolutions with high values of a, 5 revolutions with the highest "wave" and 2 revolutions with a drastic decrease in the semimajor axis. The time intervals are the following: 1913-1919 (rise), 1926-1953 (peak), 1959-1966 (fall); 1972-1979 (rise), 1985-2012 (peak), 2019-2025 (fall); 2032-2038 (rise), 2045-2071 (peak), 2078-2084 (fall) . It seems that revolutions 30 and 31 (2091-2097) form the start of the following variation cycle. This structure remains unchanged for both versions of the calculation, and only the numerical values change. Furthermore, in the first and the third bursts, values of the semimajor axis obtained by taking account of disturbances from Earth's gravitational potential are somewhat higher compared to those obtained without it. For the second burst the situation is opposite, i.e. variations in values of the semimajor axis without considering disturbances prevail over those calculated with disturbances taken into account. Values of the semimajor axis obtained without considering these effects are maximum in 1992 and minimum in 2025 during revolutions 15 and 20, respectively. With this effect taken into account, the maximum (revolution 15) and minimum (revolution 28) values are also observed in 1992 and 2078, respectively. In addition, the difference in semimajor axis values calculated in two versions amounts to ∆a max = 0.013939 AU (revolution 16), ∆a min = 0.000689 AU (revolution 23) or from 2.07691 million km to 0.1027 million km. The tendency for eccentricity variations is similar and opposite in phase to variations in the semimajor axis. Before 2019, the effect of disturbances from Earth's gravitational potential has lit- 
tle influence on the decrease of orbital eccentricity values within the whole calculation period; later on, this effect grows till 2097. The tendency to change the angular elements Ω, ω and i is clearly seen in Figure 2 . During the whole simulation period the variations in the longitude of ascending node do not exceed 5
• and are within 193
• -198
• independent of the version of the calculation. The differences between Ω values calculated from both versions do not exceed 0.1 and only starting in 2019 does the sign of ∆Ω change in revolution 19. A diagram which illustrates the orbital inclination i acts as a kind of mirror reflecting the above situation for Ω, with the difference that the Ω curves tend to decrease in the simulation interval and the curves of inclination show an increase within < 4
• . The diagrams for Ω and i clearly reveal time intervals that show rather smooth moderate variations (revolutions 7-9) and intervals with drastic changes. In the diagrams for ω, we also distinguish three variation episodes, though with more complex behaviors, with peaks for the same years. In 1900-1966 (revolutions 1-11), the values of ω, calculated without taking Earth's gravitational potential into account, turn out to be higher; in 1972-2012 (revolutions 12-18), lower; and in 2019-2097, again higher than those calculated in the case of this considered factor.
Comet 7P/Pons-Winnecke. Considering that this comet was discovered in 1819, the time interval of its investigation turns out to be the longest of the three objects and amounts to 48 orbital revolutions. Figures 1 and 2 show the diagrams of variations in the comet's orbital elements with disturbances (and without them) from Earth's gravitational potential when the comet approaches it. The time intervals are clearly defined when variations in the studied values are insignificant, and the curves are so close that they practically coincide in the diagrams, not necessarily at the beginning of calculations. The largest discrepancy in values is observed at the last stage of calculations, beginning from revolution 35. Accounting for Earth's gravitational potential results in changes of the semimajor axis within (0.004-0.027) AU and of eccentricity within (0.0061-0.02042). The values of angular elements vary as follows: the longitude of ascending node Ω is slightly affected by the potential (by no more than 0.5
• ); however, beginning with revolution 38, the difference grows and reaches 2.6
• . For the argument of perihelion ω, the same pattern is observed before revolution 35 (≤ 0.5
• ); after that it rises to 0.877 • (revolutions 35-40), increasing the difference to 1.2
• and keeping it to the end of the calculation interval. The orbital inclination i changes minimally from 0.0228
• to 0.285 • (revolutions 1-35); in revolution 37 it grows to 1.464
• and later to 3.078
• in revolution 40, staying within the last value to the end of the simulation period.
Comet 26P/Grigg-Skjellerup. Within the calculation interval from the time of its appearance in 1922 till 2100, the comet makes 35 revolutions with evolutionary changes in the orbit. Figures 1 and 2 present variations in the orbital elements determined with disturbances from Earth's gravitational potential taken and not taken into account. Changes in the semimajor axis from the minimum value, 2.8808 AU (1947, revolution 6) to the maximum one, 3.1578 AU (2050, revolution 26), with no account of disturbances, have a certain structure. During revolutions 5-8 there is a relatively gradual increase-decrease in the semimajor axis values; then an abrupt increase occurs which is followed by a drastic fall in 2 revolutions. The considered disturbances by Earth's gravitational potential do not govern variations in this parameter, however, they influence the numerical values. Thus, before 2002 (revolution 16) the value of ∆a (the difference in values of the semimajor axis in view of disturbances by Earth's gravitational potential and without them) range within 0.00411-0.02021 AU that corresponds to (0.6-3) million km. Starting in 2008 and to the end of the calculation interval (2100), the influence of the Earth's gravitational potential decreases the semimajor axis. The maximum 3.08867 AU and minimum 2.8922 AU values are observed in 2061 (revolution 28) and in 1947 (revolution 6), respectively. Eccentricity changes in the first 4 revolutions become apparent in the 4th sign after the decimal point, but later this difference increases. During the following 4 revolutions the eccentricity values obtained by taking account of disturbances from Earth's gravitational potential exceed those calculated without them. Beginning in 1961 (revolution 9), the difference rises and gradually grows to the end of the calculation period. In the whole interval studied the longitude of ascending node Ω, the argument of perihelion ω and the inclination of orbit i are characterized by episodic variations in both versions of the simulation. The longitude of ascending node tends to decrease, whereas the argument of perihelion ω and the inclination i increase. Figure 2 shows the first abrupt change in the values of Ω, ω and i (Ω decreasing, ω, i increasing) since 1961 (revolution 9). For the longitude of ascending node the first noticeable differences in view of disturbances by Earth's gravitational potential appear in 1997 (revolution 16), ∆Ω = 0.66981
• , and gradually decrease to 0.44967 2044, revolution 25) . Changes in the argument of perihelion ω in both versions of the simulation are insignificant, i.e. ≤ 0.145 • (revolution 9); in 2002 (revolution 17), there is a change of ω from the fourth quarter to the first one with a 2.76
• and 2.75
• difference from the previous value in view of Earth's gravitational potential and without it, respectively. Like Ω and ω, the values of i change in 1961 and 1997 (revolutions 9 and 16). Later, in the interval from 2002 to 2044, there is a new rise of this value not exceeding 22.74
• . Calculations according to the second version (with disturbances taken into account) result in variations of i only in the form of this parameter's decrease.
Sufficiently interesting are the simulation results which present variations in the perihelion distance during the whole life cycle of the comets studied (Table 2) as well as the spatial position of meteoroid complexes of these comets relative to Earth's orbit projected on the ecliptic plane (Fig. 3) .
PROGNOSTIC INFERENCE
For comet 21P/Giacobini-Zinner, the differences in numerical values for the perihelion distance in both calculations (Table 2 ) are insignificant. The system's cometmeteoroid complex is closest to the Earth's orbit in [1926] [1927] [1928] [1929] [1930] [1931] [1932] [1933] (Fig. 3a) . Intense Draconid meteor showers were actually observed on Earth, especially in 1926. A period of slight variations in the system near the Earth's orbit is observed until 1985.
Since 1985 and to the end of the simulation interval, the comet remains beyond the Earth's orbit. The appearance of meteor showers in the Earth's atmosphere will depend on the width of the meteoroid stream. A close approach will be observed in 2019 and 2025. More spectacular phenomena in the atmosphere might be expected thereafter. From now forth, the comet moves away from the Earth's orbit and, with no increase in its activity, an intense Draconid meteor shower would hardly be observed again before 2100.
Simulated spatial motion of the 7P/Pons-Winnecke meteoroid complex from 1919 to 1983 is presented in Fig. 3b . It appears that in 1921 and 1927, when meteor streams had been registered on the Earth, the meteoroid complex crossed the Earth's orbit moving away from the Sun. According to Table 2, the complex is the most remote in revolution 30 (1989-1990) and then the complex begins to approach Earth's orbit.
In 2033, the complex will appear inside Earth's orbit again. Regarding observed eruptive activity of the comet recorded during its passage in 2008 when this comet had changed its luminosity from 18.5 to 15.9, it can be expected that in 2027 and 2033 the meteoroid situation near Earth's orbit will be similar to that observed in [1921] [1922] [1923] [1924] [1925] [1926] [1927] and meteor showers are expected. From now the comet and the whole complex will be in the inner part of Earth's orbit. The tendency for changes in the perihelion distance is similar in both versions of the simulation versions, and the numerical values vary insignificantly.
Since 1922, the tendency to change the perihelion distance (Table 2 ) and the spatial position (Fig. 3c) for comet 26P/Grigg-Skjellerup and its meteoroid complex has been characterized by a gradual increase in numerical values and a passage from the inner part of Earth's orbit into the outer solar system. It should be noted, however, that consideration of the disturbing action of Earth's gravitational potential slows down this process. So, starting in 1922 the numerical value increases from 0.8889 AU to 1.0274 AU (2098), this parameter abruptly rises to 1.0005 AU. Consequently, there is a clearly pronounced pattern, i.e. during 16 revolutions the complex slowly approaches the Earth's orbit from within; in 2003, during revolution 17, it crosses the orbit and remains there during one more revolution. From 2013, during another 16 revolutions, it advances slowly and steadily into the interior of Earth's orbit. However, in 2098, during revolution 35, it suddenly appears almost exactly in Earth's orbit. Since the comet and its meteoroid complex are within Earth's orbit during most of the cycle considered and if the complex itself has an extended structure or covers its own orbit, only weak meteor showers might be observed as Earth's orbit would be crossed by the part of the complex that is most distant from the parent comet. A somewhat different scheme of motion is obtained in simulations without disturbing action. Before 1967, the complex is inside Earth's orbit, then abruptly crosses it, and till 1997 (16 revolutions), it is near Earth's orbit exteriorly.
From 2003 to the end of the calculation interval (2098), the complex is gradually moving away from Earth's orbit, with the abrupt maximum in distance occurring in 2049-2054.
CONCLUSIONS
Consideration of the disturbing action of Earth's gravitational potential on the orbital motion of studied comets also changes the particular dates of perihelion passage by the objects. The observation dates of meteor showers identified with them are also influenced. According to the calculated data obtained in different years, the value of the change can vary from a day to half a year; e.g. for comet 21P/Giacobini-Zinner, it can vary from one day in 1919, 1999, 2078 and 2084 to 38 days in 1959 ; in other cases, changes up to 3-5 months can happen. It is worth noting that primary changes in the orbital elements of comets with 5 < P < 7 years appear at the times of Saturn's and Jupiter's resonance (2:5), i.e. at 59-year time intervals. The degree of their approach governs the amount of orbital element variations. This pattern is clearly seen for comets 21P/Giacobini-Zinner and 7P/Pons-Winnecke. It is less evident for comet 26P/Grigg-Skjellerup, probably due to a different orientation of its orbit (ω). The dates of close approaches for these comets determined by other authors (Zausaev 2008 ) confirm our results.
